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Abstract
Wireless Power Transfer (WPT) is promoted as a key enabling technology
(KET) for the widespread use of batteryless Internet of Things (IoT) devices and
for 5G wireless networks. RF-to-DC rectifiers are essential components for the
exploitation of either ambient RF power or wireless transmitted power from a
dedicated source. There are several alternative rectifier topologies which can be
selected depending on the desired wireless charging scenario and may include one
or more diodes. For full rectification, a minimum of two diodes are needed. The
current chapter discusses various implementations of voltage-doubler designs,
which revolve around the basic topology of two diodes and two capacitors. Schottky
diodes are usually used, in combination with lumped capacitors. Off-the-shelf
diodes include both separate diodes and integrated voltage-doubler topologies in a
single package. Rectifiers are inherently narrowband, non-linear devices, and the
RF-to-DC efficiency, which is usually the figure of merit, depends non-linearly on
both the termination load and the received RF power. The bandwidth of the
rectifier depends on the preceding matching network.
Keywords: wireless power transfer (WPT), voltage-doubler rectifier, rectenna,
RF energy harvesting and DC-to-DC booster
1. Introduction
In the past few decades, substantial research efforts have been devoted to
wireless power transfer (WPT) applications from both dedicated [1] and ambient
RF sources [2, 3]. The sensitivity of the receiver and the energy transfer efficiency
are the main concerns in any WPT system, and they eventually dictate the RF
energy harvesting (EH) system’s performance, its range, and the overall reliability.
The sensitivity depends on the minimum power that is required in order to power
up the semiconductor devices used [4] in the EH circuit. On the other hand,
RF-to-DC efficiency depends on the receiving antenna performance, the impedance
matching network between the antenna and the rectifying circuit, and the overall
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power conversion efficiency of the rectifier’s subsequent stage, that is, the voltage
multiplier. Traditionally, the efficiency of any rectifying circuit is controlled and
improved by optimizing the circuit design [5, 6]. Additionally, it can be further
improved by using a high peak-to-average power ratio (PAPR) multi-sine signals
that have demonstrated improved efficiency performance compared to the con-
ventional sinusoidal signals [7, 8]. Usually, the available ambient RF power is very
low and therefore the harvested power is not sufficient to support any immediate
application, although, it can be utilized to directly control the external supply
dynamically [9–11]. Recently, one of the key developments in wireless communi-
cation is the exploitation of the same RF signal for information and energy
harvesting. This refers to the concept of simultaneous wireless information and
power transfer (SWIPT) [12] systems. Finally, RF EH is widely used in RFID tags
that are used for tracking and identification [13]. With the development and inte-
gration of a low cost compact, energy harvesting circuit on the RFID tag, the
conventional passive tags [14–16] can be converted into “active-equivalent” tags
with improved life time and increased read range through RF energy harvesting
coming from designated power beacons without relying on the reader to activate
the RFID oscillating circuit [17].
To convert RF to DC power, the RF energy harvesting circuits are generally
implemented using semiconductor-based rectifying elements such as CMOS diodes
with transistors [18] or Schottky diodes, due to their low cost and low power
requirements [4]. The most common Schottky diodes include Skywork’s SMS [19]
and Broadcom’s HSMS [20] series of surface mount devices (SMD). Figure 1 illus-
trates the basic RF-to-DC rectifier topologies. The first one (Figure 1a) is a single
diode half-wave rectifier (envelope detector) that consists of a series diode with
shunt capacitor and performs half-wave rectification by passing either the negative
or the positive half of the AC current while the remaining half is blocked. Single
diode, half-wave rectifiers have large rectified voltage ripples compared to full-
wave rectifiers, hence, additional filtering is required to remove the harmonics from
the DC output. The use of Schottky diodes with lower built-in threshold voltage,
such as the SMS7630, contributes toward improved RF-to-DC conversion efficiency
for the lower input power signals. This happens because a fixed amount of power is
consumed for biasing the diodes, which for lower power signals, it is high percent-
age of the original RF power. The second rectifier topology (Figure 1b) is the
voltage doubler, or single stage voltage multiplier, that works as a full-wave rectifier
and converts the incident AC signal to a constant polarity voltage at its output.
Compared to the half-wave rectifier, it results in a higher average DC voltage. It
consists of a one-stage clamper with a pumping capacitor at the input of a shunt
diode and a series rectifying diode along a shunt capacitor at the output stage, which
Figure 1.
Rectifier topologies, (a) single diode (single-stage), (b) voltage doubler, and (c) voltage multiplier
(multi-stage).
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works as a low pass filter to smoothen the output DC voltage. The third topology
(Figure 1c) is the voltage multiplier (multi-stage), which is a full-wave rectifier
that further increases the output voltage with a network of capacitors and diodes. It
has a similar operation principle to the voltage doubler. The voltage of each stage is
used as a reference for the next stage, and the maximum output voltage depends
on the overall number of stages. The undesired effect of the multi-stage rectifiers is
the decrease in the overall efficiency which degrades for every additional stage since
the efficiency of every single stage is a multiplying factor smaller than one (1). It
is important to note that the overall RF-to-DC conversion efficiency depends
directly on the selected topology. Where the available AC power is high, the use of
multi-stage rectifiers results in an increased DC voltage level, although the overall
power efficiency is decreased. For RF EH systems though, the available input power
is usually very low. For relatively low input power situations where the available
power is comparable to the amount of power that is required to switch on the
rectifying diodes, the lower the number of diodes is, the higher the overall
RF-to-DC efficiency is.
2. Voltage doubler
The use of the voltage doubler circuit implemented with Schottky diodes
appears often in the literature. The voltage doubler circuit consists of a combination
of two diodes and two capacitors connected in the topology presented in the sche-
matic of Figure 2a. Several types of diodes can be used for the implementation of a
voltage doubler. Figure 2b presents the equivalent circuit for the Skyworks
SMS7630 Schottky diode, which was used for many of the rectifiers which are
discussed in this chapter.
Figure 2a illustrates the schematic of a voltage double topology with the pre-
ceding antenna and the required matching network. The antenna and rectifier,
including the intermediate matching network, are commonly referred to as a
rectenna. The presented voltage doubler implementation consists of the clamper
stage formed by the capacitor C1 and the diode D1, the rectifying diode (D2), and
the RC low pass filter (C2 and RL). The preceding matching network illustrated here
as a box, is usually part of the rectifier circuit and it assures the maximum power
transfer by reducing the impedance mismatch loss between the preceding antenna
and the rectifier circuit. Often, the matching network is built with reactive lumped
or distributed components, optimized for the intended operation frequency and
Figure 2.
RF energy harvesting systems (a) voltage doubler circuit (b) equivalent model for Schottky diodes in voltage
doubler topology.
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the expected power levels, since rectifiers are non-linear devices. Several different
matching topologies are discussed in the subsequent sections.
2.1 Voltage doubler operation principle
As the first voltage doubler stage following the matching network, the clamper is
used to enhance the input voltage to the rectifying diode (D2), as can be seen in
Figure 2a. Clamping circuits are mostly used to implement the voltage multiplier
[8]. For a time-varying sinusoidal input signal, the clamping circuit uses the peak of
the negative voltage of the input signal to produce a positive shift in the signal
during its positive part, as explained below.
From Figure 2a, Vi is the voltage at the input of the capacitor C1, i1 is the current
passing through C1, Vd is the voltage on diode D1, and i2 is the current on D1. The
clamper is activated during the negative cycle of Vi, and C1 is charging with D1 in
ON state. During the positive cycle, C1 acts as a voltage source of -Vc1 with D1 in
OFF state. According to Kirchhoff’s law at the relevant loop, Vd is associated with
VC1 and Vi through (1)
V i ¼ VC1 þ Vd (1)
i1 ¼ C1
dvC1
dt
¼ i2 ¼ Is e
Vd=nVT  1
 
(2)
where Vd ¼ VD1  Is, VT, Is, and n show the thermal voltage, the saturation
current, and the ideality factor, respectively. The voltage enhancement factor is
defined as the ratio of input voltage to rectifying diode voltage Vd with peak
input voltage to clamper circuit Vi [8]. For the ideal continuous wave excited
voltage doubler, the voltage enhancement factor is two, if the clamper moves
perfectly the input signal to the DC offset, equal to the peak of Vi during the
negative input cycle.
It can be seen in Figure 2a that the rectifying circuit consists of the diode D2
and the low pass RC filter with capacitor C2 and termination load RL. Vd is the
input voltage and i3 is current through the diode D2, while the current though
the capacitor C2 and load resistor RL is denoted by i4 and i5, respectively, and
the output voltage is Vout. According to Kirchhoff’s law, the voltage across diode
D2 is:
VD2 ¼ Vd  Vout (3)
i3 ¼ i4 þ i5 (4)where
i3 ¼ Is e
Vd=nVT  1
 
(5)
i1 ¼ C2
dVout
dt
, i5 ¼ Vout=RL (6)
The ordinary differential equation (ODE) by proper transformation of nonlinear
behavior of the diode described in Eqs. (5) and (6) is:
dVout
dt
¼ is=C2 ¼ Is e
VdVout=nVT  1
 
 Vout=RLC2 (7)
Equation (7) is a nonlinear form of an ODE, and a closed form solution for the
general case is not available. Though, its numerical solution is possible using the
ODE solver [8], the calculated DC output voltage is
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VDC ¼
1
T  t
ðT
t
Vout tð Þdt (8)
where t is the steady state charging starting time, and T ¼ nτ is the total number
of n periods of the output signal [8].
The non-linear response of the diode is represented by a varying ohmic load Rj
(see Figure 2b). A real diode requires a combination of parasitic capacitors and
inductors, which are needed to accurately model the package of the semiconductor
device. The non-linear nature of the Schottky diodes used is reflected in the
matching of the rectifier device (|S11|) and also on the resulting RF-to-DC effi-
ciency. Figure 3a presents the simulated reflection coefficient for a single-port
voltage doubler rectifier. The reflection coefficient resonance shifts when the input
power is varied and therefore a wideband matching network is needed in order to
maintain the |S11| below 10 dB, despite the shift of the resonance. The achieved
RF-to-DC efficiency also depends non-linearly on the termination load and the
input RF power, as can be seen in the simulated efficiency surface presented in
Figure 3b.
2.2 Implemented rectifier circuits
A thorough study of voltage-doubler rectifiers in the UHF frequency range is
presented in this section, considering possible variations on (a) the diode model
(b) the substrate type, and (c) several alternative matching configurations. In
particular, the Broadcom HSMS2850 and the Skyworks SMS7630 Schottky diodes
were investigated. The use of low-cost, lossy FR4 substrate (εr = 4.3, tanδ = 0.016)
was compared with the higher-cost and less lossy Duroid 5880 substrate (εr = 2.2,
tanδ = 0.0009). Finally, a wide range of matching circuits that consisted of one or
more lumped inductors, one or more radial and custom shaped open and shorted
stubs, and the use of tapered microstrip lines for bandwidth enhancement were
considered in an attempt to enhance the bandwidth and the bandwidth stability for
various power levels of the UHF rectifiers investigated.
For this study, 11 rectifier variations were fabricated and measured. The
fabricated rectifiers labeled A to K with a short description of their characteristics,
matching networks, and diodes used are presented in Table 1. The first comparison
between a voltage-doubler rectifier (Rectifier A) and a single-stage rectifier (Recti-
fier B) presented in Figure 4 suggests that for input power levels higher than
15 dBm, the voltage doubler topology exhibits a higher RF-to-DC efficiency. For
most wireless power transfer applications and due to the unavoidable free-space
Figure 3.
Non-linearity of the rectifying circuit (a) simulated |S11| versus frequency and input power (b) efficiency
percentage vs. input power and termination load.
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loss, the available power at the receiver is rather low. However, the received power
level is random and cannot be predicted, and the efficiency plots for Rectifiers A
and B cross at the 15 dB input power mark (Figure 4d), therefore a direct
comparison of the efficiency performance is not straight forward. The improved
average efficiency performance over the entire power range is the main reason why
the voltage doubler was preferred over the single stage rectifier and was further
studied in detail. The free-space loss is inversely proportional to λ2 and this is the
reason why the UHF frequency (relatively low frequency) was preferred for the
presented study.
2.3 Voltage doubler matching considerations
Rectifiers C, D, E, and F were designed on an FR-4 substrate, and are used to
discuss the effect of the matching circuit on the stability of the |S11| resonance that
defines the matching, and on the10 dB bandwidth of the |S11|. As can be seen from
Figures 5 and 6, the matching depends on the input power level. For different
power levels, the exact position of the resonance that defines the matching (|S11|
< 10 dB) shifts, and for certain values, the rectifier is mismatched, and as a result,
the RF-to-DC efficiency degrades. Rectifiers C and D, which are compared in
Figure 5, use different diode types, (Broadcom and Skyworks, respectively), and
Rect. Schematic Description (matching network) Diode
A Consists of low-loss distributed elements, which include
shorted stub, two-stage tapered line, radial stub followed by
distributed inductor
SMS7630
B Consists of low-loss distributed elements, which include
shorted stub, two-stage tapered line, radial stub followed by
distributed inductor
SMS7630
C Consists of distributed elements, which include a shorted
stub and a radial stub at the beginning and at the end of a
U-shaped microstrip line
HSMS2850
D Consists of distributed elements, which include a shorted
stub and a radial stub
SMS7630
E Consists of a hybrid matching network, which includes a
radial stub, a shorted stub, and a series inductor
HSMS2850
F Consists of a hybrid matching network, which includes a
radial stub and two series inductors
SMS7630
G Consists of low-loss distributed elements, which include a
shorted stub, a radial stub followed by a distributed inductor
HSMS2850
H Consists of low-loss distributed elements, which include a
shorted stub, a radial stub followed by a distributed inductor
HSMS2850
I Consists of low-loss distributed elements, which include a
shorted stub, two-stage tapered line, a radial stub followed
by a distributed inductor
SMS7630
J Consists of a hybrid matching network, which includes a
radial stub and two series inductors
SMS7630
K Consists of a hybrid matching network, which includes a
radial stub and two series inductors
HSMS2850
Table 1.
Implemented rectifiers labeled A to K.
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similar matching networks that consist of shorted and radial matching stubs. The
|S11| resonance remains rather stable as the input power varies, but it is narrowband
(25 MHz). The different diode models have minimum effect on the matching, but
Figure 4.
Voltage doubler (A) and single stage rectifier (B) comparison; (a) Rectifier A |S11|, (b) Rectifier B |S11|,
(c) |S11| at 10 dBm comparison, and (d) RF-to-DC efficiency.
Figure 5.
Rectifier (C) and rectifier (D) comparison; (a) Rectifier C |S11|, (b) Rectifier D |S11|, (c) |S11| at 10 dBm
comparison, and (d) RF-to-DC efficiency.
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they affect the efficiency as will be discussed subsequently. For Rectifiers E and F,
presented in Figure 6, that use a combination of radial stubs with series inductors,
the |S11|shift is much more evident. For this hybrid matching circuit, what over-
comes the mismatch problem in the UHF frequency is the considerably wider
bandwidth (greater than 65 MHz) for both rectifiers. Apparently, the combination
of radial stubs with lumped inductors and the resulting hybrid matching network
enhances the bandwidth and makes the matching more tolerant to frequency shifts.
2.4 RF-to-DC efficiency
For any RF-to-DC rectifier, the figure of merit is the RF-to-DC efficiency, which
has been shown to depend non-linearly on both the input power and the termina-
tion load, as can be verified from Figure 3b. In an attempt to identify the design
parameters that affect the efficiency, several rectifier prototypes were fabricated
and tested. Parameters such as the diode type, the use of distributed or lumped
inductors for the matching network and their associated losses and quality factor,
or the substrate losses of the preferred fabrication board were investigated
experimentally.
The Skyworks SMS7630 [19] and Broadcom HSMS2580 [20] diodes were chosen
for the high-efficiency voltage doubler topologies that were investigated at low
input power, because they have been the most commonly used diodes. In the recent
years, the Broadcom HSMS2852 type has been a popular diode for many RF-to-DC
rectifiers used for WPT systems. For low input power levels, the higher series
resistance (compared to, e.g., the Broadcom HSMS-286x family) does not seem to
degrade the measured efficiency. In addition to their specifications, an important
role for the selection of the diodes had to do with the availability (or not) of the
diode model for the Keysight - Advanced Design System (ADS) simulator. The
Figure 6.
Rectifier E and rectifier F comparison; (a) Rectifier E |S11|, (b) Rectifier F |S11|, (c) |S11| at 10 dBm
comparison, and (d) efficiency.
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Spice model of the Skyworks SMS7630 diode was characterized at 1.8 GHz, and the
same model was used for the UHF rectifier simulations.
S-parameter measurements of the implemented rectifier indicated a shift in the
|S11| resonance. The resonance shift could be remedied with the matching network,
and especially by modifying the inductance values of the inductors that were used
for the matching. For the Broadcom HSMS2580 diode, an ADS library model was
available and the measurements indicated that the S-parameter simulations using
the ADS library model were more accurate. Similar rectifier prototypes with similar
matching networks using either type of Schottky diodes (C and D or E and F) were
implemented.
Considering the direct comparison between the efficiency of rectifier C
(Broadcom HSMS2580) and D (Skyworks SMS7630) presented in Figure 5d, the
general observation is that the rectifier with the Skyworks diodes has better effi-
ciency for input power less than 3 dBm, and the diode with the HSMS2580 diodes
has better efficiency for input power higher than 3 dBm. The same behavior is
verified by inspecting Figure 6d, where the efficiencies of rectifiers E and F are
presented. This can be explained by noting that the SMS7630 diode requires a
forward bias voltage between 60 and 120 mV, and it has a breakdown voltage of
2 V, while the HSMS2850 diode has a forward bias voltage between 150 and
250 mV, and it has a breakdown voltage of 3.8 V. For the implementation of high-
efficiency UHF rectifiers with lower input power levels, the Skyworks SMS7630
diodes are preferred, since improved RF-to-DC efficiency can be achieved as a
result of the model’s lower saturation current and lower junction capacitance.
By comparing the efficiencies for rectifiers C, D, E, and F, another important
observation can be made. The use of series lumped inductors for the matching circuit
seems to degrade the RF-to-DC efficiency, something verified by comparing the max-
imum efficiency of C (46%) with E (42%) and the efficiency of D (50%) with F (42%).
For a simulated voltage doubler circuit, a real inductor was modeled as an ideal
inductor in series with an ohmic resistor to model the inductor’s losses. A small
variation in the ohmic resistance has a direct significant impact on the simulated
efficiency, as can be verified in Figure 7. Based on this observation, Rectifier H was
fabricated using one printed distributed inductor (meander shaped thin line in the
inset of Figure 8b) instead of lumped inductors in the matching circuit. The com-
parison between Rectifier H and Rectifier K is presented in Figure 8. Although the
matching bandwidth for the rectifier with the distributed inductor decreased, the
lack of ohmic losses for the packaged lumped inductor caused a small improvement
Figure 7.
Effect of the ohmic losses of the lumped inductor modeled as series resistor, on the simulated efficiency.
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in the efficiency, which can be verified in Figure 8d. This is also verified in the
comparison between Rectifier A and Rectifier J presented in Figure 9, that were
both fabricated on Rogers 5880 material. The efficiency of Rectifier A is consistently
Figure 8.
Rectifier K and rectifier H comparison; (a) Rectifier E |S11|, (b) Rectifier F |S11|, (c) |S11| at 10 dBm
comparison, and (d) efficiency.
Figure 9.
Rectifier (A) and rectifier (J) comparison; (a) Rectifier A |S11|, (b) Rectifier J |S11|, (c) |S11| at 10 dBm
comparison, and (d) efficiency.
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better than the efficiency of Rectifier J (Figure 9d), while the use of tapered lines
for Rectifier A improved the bandwidth as well. Comparing the maximum effi-
ciency of K (46%) from Figure 8d and the efficiency of J (56%) from Figure 9d,
which have similar designs with the same diode models, it is obvious that the
substrate losses are important in the resulting efficiency.
When distributed inductors are used instead of lumped inductors, the substrate
losses become even more critical for the implemented efficiency. Low loss sub-
strates limit the quality factor of the implemented inductors and consequently
degrade the efficiency. Figure 10a shows the simulated rectifier efficiency when the
loss tangent (tanδ) of the substrate was varied. For the lower end of the input
power, around 24 dB, the low loss of the Rogers 5880 (tanδ = 0.009) results in
30% efficiency, while for the same design, tanδ = 0.035 reduces the efficiency to
approximately 15%. For low input power, even small variations in the copper’s
Figure 10.
Effect of the substrate loss on the simulated efficiency (a) with variations in the loss tangent (tanδ) and
(b) variations in the copper’s conductivity.
Figure 11.
Rectifier (G) and rectifier (H) comparison; (a) Rectifier E |S11|, (b) rectifier F |S11|, (c) |S11| at 10 dBm
comparison, and (d) efficiency.
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conductivity affect the efficiency, as can be verified in Figure 10b. The importance
of a low-loss substrate is evident in the measured efficiencies for the implemented
rectifiers presented in Figure 11, where the lossy FR-4 (tanδ = 0.016) was used for
Rectifier H, and the more expensive low loss (tanδ = 0.0009) Rogers 5880 was used
for Rectifier G. Figure 11d verifies that the efficiency of rectifier G fabricated on the
low-loss material is consistently higher than the efficiency of the similar design
Rectifier H.
2.5 Size considerations
Considering that the fundamental voltage doubler topology that consists of two
diodes and two capacitors is rather inflexible, the overall dimensions of any rectifier
depend on the matching network. When a compact size is a priority, as for example
in the case of implantable devices, the use of lumped components is preferred.
Figure 12 shows how the overall size of a rectifier can be significantly reduced with
the use of lumped components instead of distributed ones.
Using lumped inductors for the matching network is often preferred because
they can also result in a more wideband design. In order to exploit the low losses of
Figure 12.
Size comparison (a) Rectifier A, (b) Rectifier I, (c) Rectifier E, and (d) Rectifier F.
Figure 13.
Rectifier H and Rectifier I comparison; (a) Rectifier E |S11|, (b) Rectifier F |S11|, (c) |S11| at 10 dBm
comparison, and (d) efficiency.
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distributed printed inductors and further improve the bandwidth of rectifiers with
distributed inductors, the use of multi-stage tapered microstrip lines was consid-
ered. Rectifier I was implemented on FR-4 and used a two-stage tapered microstrip
line. The performance of Rectifier I is compared with the performance of Rectifier
H, which uses conventional microstrip lines, in Figure 13. The bandwidth of Recti-
fier I is 40 MHz and the bandwidth of I is 36 MHz. The 10% bandwidth enhance-
ment (Figure 13c) in addition to the improved efficiency, as can be seen in
Figure 13d, implies that if there are not strict size constraints, the best efficiency
rectifier should have the following characteristics: (a) should use Skyworks 7630
diodes, (b) should use tapered microstrip lines with distributed inductors for the
matching circuit, and (c) should be fabricated on low-loss material. From the
implemented rectifiers A to K, Rectifier A has the aforementioned characteristics.
2.6 Proposed UHF rectifier – Rectifier A
The detailed design parameters of the implemented Rectifier A are presented in
Figure 14a and are summarized in the figure caption. The matching network
consists of a shorted linear stub, a two-stage tapered microstrip line for bandwidth
enhancement, and a printed inductor. The maximum measured efficiency is almost
60% at 3 dB. For input power higher than 3 dB, the voltage saturates close to 2 V
and as a result the RF-to-DC efficiency degrades, since only the denominator RF
power increases while the DC power remains saturated. The simulated results
presented in Figure 14b indicate the non-linear dependence of the efficiency with
the termination load. Although the peak efficiency per power level is shifted, the
rectifier parameters were optimized for a termination load equal to 13.5 kΩ. The
Figure 14.
Rectifier A (a) schematic with design details, (b) simulated and measured efficiency vs. input power, (c)
efficiency versus termination load, and (d) efficiency as a function of input power and the load resistance. All
dimensions are in mm: L= 43, lt1 =7, lt2 =9.5, lt3 =6.85, lt4 =5.67, lt5 =7, lt6 =4.14, lrs =2, ls1 =2.2, ls2 =8.75,
W= 20, wt1 = 2.4, wt2 = 1.6, wt3 = 5, wt4 = 4.35, wt5 = 0.315, θrs =60°, and θs =90°.
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combined effect of the input power and the termination load can be seen in the
chart presented in Figure 14c, which presents the achieved efficiency when both
input power and termination load are varied logarithmically.
3. Rectenna design
For most of the applications presented in the introduction, the rectifiers are not
used as stand-alone components but they are part of a rectenna or a multi-stage
energy harvesting system. In the literature, the term rectenna refers to the combi-
nation of an antenna cascaded with a rectifier which can convert a wirelessly
received RF signal into DC voltage. This section presents a voltage doubler rectenna
implementation, with a directive patch antenna suitable for targeted wireless power
transfer. Another rectenna implementation with an omni-directional printed
inverted F antenna (PIFA) suitable for collecting ambient RF power from random
directions is presented as part of the energy harvesting discussed in the subsequent
Section 4.
The implemented rectangular microstrip patch antenna has 7.6 dBi gain and 97%
simulated radiation efficiency radiating effectively at 5.6 GHz. Good matching in
ensured using an inset-microstrip line that has characteristic impedance 50 Ω.
The directive patch antenna is cascaded with a rectifier, which is first implemented
as a stand-alone device on the same Duroid material. The two standalone devices
with their S-parameter measurements can be seen in Figure 15a and b. For the
integration of the two components, full-wave simulations using lumped ports at the
common connection point were carried out in CST Microwave Studio to take into
account the effect of the radiating element on the performance of the rectifier.
Figure 15.
5.6 GHz rectenna system; simulated and measured |S11| (a) of rectangular patch antenna, (b) 5.6 GHz
rectifier, (c) 5.6 GHz rectenna on Roger RT/Duriod5880, and (d) simulated and measured efficiency and
rectified voltage vs. input power [9].
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The diodes and the lumped capacitors were modeled using .s2p files in Circuit
Design studio for co-simulations of the integrated module.
The integrated single-board directive rectenna can be seen in Figure 15c, and it
can be used for far field wireless charging when the direction of arrival (DoA) is
known and the directivity of the rectenna is aligned with it. The maximum
implemented efficiency is around 43% and it occurs for 7 dBm input power.
4. Energy harvesting circuit
When energy harvesting (EH) or wireless power transfer (WPT) is used, the
rectified DC voltage can be either temporarily stored until it reaches certain level, or
it can be used directly without the need of any storage device. The most common
storage devices are either rechargeable batteries or capacitors. When the rectified
DC voltage is not stored, usually some kind of booster is needed in order to increase
the low DC voltage level to make it suitable for the device that needs to be powered.
Furthermore, the addition of subsequent stages unavoidably decreases the overall
RF-to-DC efficiency. However, in many cases, the use of a booster is necessary.
Boosters can be either active which means that an external DC power source is used
to bias the booster, or it can be entirely passive. The schematic of such an EH system
is presented in Figure 16. In this section, the implementation of an energy
harvesting circuit that consists of an omnidirectional PIFA antenna and a voltage
doubler matched at 1.6 GHz, cascaded with an active DC-to-DC boost converter is
discussed.
The module, which is presented in Figure 17, was built on a Rogers 4003
material as a system on package (SoP) using a milling machine for the traces and the
landing pads. The required lumped components, inductors, capacitors, Schotkky
diodes, and the IC module were manually soldered on the traces. The PIFA used is
presented in the inset photograph of Figure 17a along with the measured |S11|, and
the implemented voltage doubler presented in the inset photograph of Figure 17b
along with its |S11|. Considering the space limitations, the rectifier was designed in a
Γ-shape, and radial stubs were used to ensure wideband matching in order to
overcome the |S11| resonance shift in correspondence to the input power variations.
The rectifier was terminated with the DC-to-DC booster built around the Texas
Instruments TPS60301 charge pump IC model [21] that can be seen in Figure 18a.
As mentioned earlier, the RF-to-DC efficiency depends on the termination load
which in this case it is equal to the input impedance of the subsequent booster
device. Although the input impedance of the power booster depends on its opera-
tion conditions, it is approximated to be 5.1 KΩ, and this is the assumed termination
load for the rectifier design.
Figure 16.
Schematic diagram of RF energy harvesting system.
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As can be seen in the IC schematic, the enabling terminal (EN) must be
connected with the output of the voltage doubler. When the rectified voltage and
thus the VEN voltage gets higher than 0.43 V, the DC voltage on the output terminal
becomes equal to the Vcc biasing voltage, which can be anywhere between 0.9 and
1.8 V. This way the DC-to-DC booster output voltage can be elevated up to 1.8 V
assuming that the rectified voltage is higher than 0.43 V. Figure 18b indicates how
the output voltage of the booster (VBooster) goes from 0 to 1.8 V depending on the
continuous variation of the rectified voltage at the output of the voltage-doubler
rectifier (VRectified) and whether this is larger or smaller than the minimum VEN
voltage, which is 0.43 V.
Figure 17.
1.6 GHz energy harvesting system (a) simulated and measured |S11| of PIFA antennae, (b) measured |S11|of
1.6 GHz rectifier, (c) 1.6 GHz rectenna system on Roger RO4003C, and (d) simulated and measured efficiency
and rectified voltage vs. input power [10].
Figure 18.
Power management unit (a) schematic of DC-to-DC power booster and (b) measured voltage across DC-to-DC
power booster and rectifier output with variable distance between transmitter and rectenna at 15 dBm
transmitted power from the signal generator [10].
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5. Conclusion
For many WPT applications, the voltage doubler is the preferred rectifier
topology. This book chapter has outlined the operating principles of voltage-doubler
rectifiers and has presented the most important design considerations for the
implementation of such rectifying devices as standalone circuits. It has also
presented examples of the use of voltage-doubler rectifiers as part of a directive
rectenna system and as part of an energy harvesting system where a voltage-
doubler rectifier was cascaded with an active DC-to-DC booster, demonstrating
the successful implementation of wireless power transfer systems using
voltage-doubler circuits as the preferred rectifier topologies.
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